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Visualization of the structure of sustainability science (From Kajikawa et al. Sustain Sci (2007) 2:221–231
Full World in the Anthropocene
A “no analog” world.
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From: Costanza, R. L. Graumlich, W. 
Steffen, C. Crumley, J. Dearing, K. 
Hibbard, R. Leemans, C. Redman, and 
D. Schimel. 2007. Sustainability or 
Collapse: What Can We Learn from 
Integrating the History of Humans and 
the Rest of Nature?  Ambio 36:522-527
Quality of Life (QOL) as the interaction of human needs and the 
subjective perception of their fulfillment, as mediated by the 
opportunities available to meet the needs.
From: Costanza, R., B. Fisher, S. Ali, C. Beer, L. Bond, R. Boumans, N. L. Danigelis, J. Dickinson, C. Elliott, J. Farley, D. E. Gayer, L.
MacDonald Glenn, T. Hudspeth, D. Mahoney, L. McCahill, B. McIntosh, B. Reed, S. A. T. Rizvi, D. M. Rizzo, T. Simpatico, and R. Snapp. 2006.
Quality of Life: An Approach Integrating Opportunities, Human Needs, and Subjective Well-Being. Ecological Economics 61: 267-276.
4 Capital Categories
Built capital is the infrastructure (buildings, roads, 
houses, etc.) that make up the material structure of human 
society. 
Human capital is the physical bodies of individual 
humans, their health and education, and the information 
stored in their brains. 
Social capital is the web of interpersonal connections, 
institutional arrangements, rules and norms that facilitate 
human interactions.
Natural capital is the land and the resources it contains, 
including ecological systems and services.

ECOSYSTEM SERVICES 
Gas regulation 
Climate regulation 
Disturbance regulation 
Water regulation 
Water supply 
Erosion control and sediment retention 
Soil formation 
Nutrient cycling 
Waste treatment 
Pollination 
Biological control 
Refugia 
Food production 
Raw materials 
Genetic resources 
Recreation 
Cultural 
ECOSYSTEM FUNCTIONS 
Regulation of atmospheric chemical composition. 
Regulation of global temperature, precipitation, and other biologically mediated
climatic processes at global, regional,  or local levels. 
Capacitance, damping and integrity of ecosystem response to environmental 
 fluctuations. 
Regulation of hydrological flows. 
Storage and retention of water. 
Retention of soil within an ecosystem. 
Soil formation processes. 
Storage, internal cycling, processing, and acquisition of nutrients. 
Recovery of  mobile nutrients and removal or breakdown of excess or 
 xenic nutrients and compounds. 
Movement of floral gametes. 
Trophic-dynamic regulations of populations. 
Habitat for resident and transient populations. 
That portion of gross primary production extractable as food. 
That portion of gross primary production extractable as raw materials. 
Sources of unique biological materials and products.
Providing opportunities  for recreational activities. 
Providing opportunities  for non-commercial uses. 
From:  Costanza, R.  R. d'Arge, R. de Groot, S. Farber, M. Grasso, B. Hannon, S. Naeem, K. Limburg, J. Paruelo, R.V. O'Neill,
R. Raskin, P. Sutton, and M. van den Belt. 1997. The value of the world's ecosystem services and natural capital. Nature
387:253-260
Ecosystem services are the benefits humans derive from ecosystem functioning
Ecosystem Services: the benefits 
humans derive from ecosystems

Basic Facts about Ecosystem Services and Natural Capital*
In recent decades, a shared understanding has emerged about ecosystem services and natural 
capital, including:
•Ecosystem services (ES) are the contributions of ecosystem structure and function - in 
combination with other inputs - to human well-being. 
•ES, and the natural capital assets that produce them, represent a significant contribution to 
sustainable human well-being, a contribution that is increasingly being recognized.
•Ecosystems, ecosystem functioning, and ES are being threatened and degraded by human 
activities, and the situation will be exacerbated by climate change and biodiversity loss. At the 
same time, knowledge about how to steward and restore ecosystems is rapidly growing.
•An ES approach helps to identify and quantify the ecological and socio-economic trade-offs and 
synergies on which decision-making should be based.
•Many ecosystem services cannot (or should not) be privately owned. Therefore, they are for the 
most part ignored by conventional markets.
•Many ES are such that providing benefits to one person does not reduce the amount of benefits 
available for others. They are “non-rival” and “non-excludable”. They are therefore best treated 
as “public goods”.
•While tremendous progress has been made in improving our understanding of how ecosystems 
function and how humans benefit from them, there will remain enormous uncertainties about how 
ES are provided, the magnitude of their benefits, and how human activities affect their provision.
•Adaptive management is a useful approach that allows one to learn from the system dynamics 
and manage under this uncertainty.
*From: ‘Salzau Message’ on Sustaining Ecosystem Services and Natural Capital
Ecosystem Services for Urbanizing 
Regions (ESUR)
Integrative Graduate Education and Research 
Traineeship (IGERT) Project funded by the 
National Science Foundation, 2010-2016
25 3-yr $30,000/yr Ph.D. Traineeships
EcoServices classified according to spatial characteristics
1. Global-Non Proximal (does not depend on proximity)
1&2. Climate Regulation
Carbon sequestration (NEP)
Carbon storage 
17. Cultural/Existence value
2. Local Proximal(depends on proximity)
3. Disturbance Regulation/ Storm protection
9. Waste Treatment
10. Pollination
11. Biological Control
12. Habitat/Refugia
3. Directional Flow-Related: flow from point of production to point of use
4. Water regulation/flood protection
5. Water supply
6. Sediment regulation/Erosion control 
8. Nutrient regulation
4. In situ (point of use)
7. Soil formation
13. Food production/Non-timber forest products
14. Raw materials
5. User movement related: flow of people to unique natural features
15. Genetic resources
16. Recreation potential
17. Cultural/Aesthetic
From: Costanza, R., 2008. Ecosystem Services: Multiple classification systems are needed. 
Biological Conservation 141:350-352 
Rival
Non-rival
Non-ExcludableExcludable
Market
Goods and
Services
(most provisioning 
services)
Open Access
Resources
(some provisioning services) 
Congestable
Services
(some recreation 
services)
Public Goods 
and Services
(most regulatory and 
cultural services)
EcoServices Classified According to
Rivalness and Excludability
From: Costanza, R., 2008. Ecosystem Services: Multiple classification systems are needed. 
Biological Conservation 141:350-352 
Example Valuation Techniques

Picture taken by an automatic camera located at an electrical generating facility on the Gulf Intracoastal Waterway 
(GIWW) where the Route I-510  bridge crosses the GIWW.  This is close to where the Mississippi River Gulf 
Outlet (MRGO) enters the GIWW. The shot clearly shows the storm surge, estimated to be 18-20 ft. in height..
18391870993202
Past and Projected Wetland Loss in the Mississippi Delta (1839 to 2020)
NEW ORLEANS
Coastal Louisiana
History of coastal Louisiana wetland gain and loss over the last 6000 years, showing 
historical net rates of gain of approximately 3 km2/year over the period from 6000 years ago 
until about 100 years ago, followed by a net loss of approximately 65 km2/yr since then.
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Global Storm Tracks 1980 - 2006
Figure 1. Typical hurricane swath showing GDP and wetland area used in the 
analysis.

TDi  e
  gi
 1  wi
 2 GDPi

TDi  e
  gi
 1  (wi 1)
 2  wi
 2 GDPi
Predicted total damages from storm i
Avoided cost from a change of 1 ha of coastal wetlands for storm i
The value of coastal wetlands for hurricane protection
ln (TDi /GDP i)=  + 1 ln(gi) +  2ln(wi) + ui (1)
Where:
TDi = total damages from storm i (in constant 2004 $US);
GDPi = Gross Domestic Product in the swath of storm i (in constant 2004 $US). The
swath wa s considered to be 100 km wide by 100  km inland.
gi = maximum wind sp eed of storm i (in m/sec)
wi = area of herbaceous wetlands  in the storm swath (in ha).
ui = error
Figure 2. Observed vs. predicted relative damages (TD/GDP) for each of the 
hurricanes used in the analysis.
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•A loss of 1 ha of wetland in the model corresponded to
an average $33,000 (median = $5,000) increase in storm
damage from specific storms.
•Taking into account the annual probability of hits by
hurricanes of varying intensities, the annual value of
coastal wetlands ranged from $250 to $51,000/ha/yr, with
a mean of $8,240/ha/yr (median = $3,230/ha/yr)
• Coastal wetlands in the US were estimated to currently
provide $23.2 Billion/yr in storm protection services.
From: Costanza, R., O. Pérez-Maqueo, M. L. Martinez, P. Sutton, S. J. 
Anderson, and K. Mulder. 2008. The value of coastal wetlands for 
hurricane protection.  Ambio 37:241-248 
• Intelligent Pluralism (Multiple Modeling Approaches), 
Testing, Cross-Calibration, and Integration
• Multi-scale in time, space, and complexity
• Can be used as a Consensus Building Tool in an
Open, Participatory Process
• Acknowledges Uncertainty and  Limited Predictability
• Acknowledges Values of Stakeholders
• Evolutionary Approach Acknowledges History, 
Limited Optimization, and the Co-Evolution of 
Human Culture and Biology with the Rest  of Nature
Integrated Modeling of Humans 
Embedded in Ecological Systems
Degree of Understanding of the System Dynamics
EXPERT MODELING
Typical result:
Specialized model
whose recommendation
never gets implemented
because they lack
stakeholder support
STATUS QUO
Typical res ult:
Confrontational debate
and no improvement
MEDIATED DISCUSSION
Typical result:
Consensus on goals or
problems but no help on
how to achieve the goals or
solve the problems
MEDIATED MODELING
Typical result:
Consensus on both
problems/goals and process -
leading to effective and
implementable policies
- +
-
+
Degree of Consensus 
among Stakeholders
From: Van den Belt, M. 2004. Mediated Modeling: A System Dynamics Approach To Environmental 
Consensus Building. Island Press, Washington, DC.
1. Scoping Models 
  high generality, low resolution models produced 
  with broad participation by all the stakeholder groups
  affected by the problem. 
2. Research Models 
  more detailed and realistic attempts to replicate the 
  dynamics of the particular system of interest with the
  emphasis on calibration and testing. 
3. Management Models 
  medium to high resolution models based on the
  previous two stages with the emphasis on producing
  future management scenarios - can be simply exercising
  the scoping or research models or may require further
  elaboration  to allow application  to management questions 
Three Step Modeling Process*
Increasing 
Complexity, 
Cost, Realism,
and Precision
*from: Costanza, R. and M. Ruth. 1998. Using dynamic modeling to scope environmental problems 
                            and build consensus.  Environmental Management   22:183-195.

The Patuxent and Gwynns Falls Watershed Model s
(PLM and GFLM)
http://www.uvm.edu/giee/PLM
This project is aimed at developing integrated knowledge and new
tools to enhance predictive understanding of watershed ecosystems
(including processes and mechanisms that govern the interconnect -
ed dynamics of water, nutrients, toxins, and biotic components) and
their linkage to human factors affecting water and watersheds. The
goal is effective management at the watershed scale.
Participants Include:
Robert Costanza
Roelof Boumans
Walter Boynton
Thomas Maxwell
Steve Seagle
Ferdinando Villa
Alexey Voinov
Helena Voinov
Lisa Wainger
Costanza, R., A. Voinov, R. Boumans, T. Maxwell, F. Villa, L. 
Wainger, and H. Voinov. 2002. Integrated ecological economic 
modeling of the Patuxent River watershed, Maryland. 
Ecological Monographs 72:203-231. 
GUMBO (Global Unified Model of the BiOsphere)
From: Boumans, R.,  R. Costanza, J. Farley, M. A. Wilson, R. Portela, J. Rotmans, F. Villa, and M. 
Grasso. 2002. Modeling the Dynamics of the Integrated Earth System and the Value of Global 
Ecosystem Services Using the GUMBO Model. Ecological Economics 41: 529-560
GUMBO
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MODEL COMPLEXITY
0 = Not addressed in model.
1 = Exogenous input to model.
2 = Endogenous w/o feedback in model
3 = Endogenous w/ feedback (mid-complexity)
4 = Endogenous w/ feedback (very complex)
DEGREE  OF HISTORIC CALIBRATION
Low                                              High Amoeba diagram of 
complexity with which 
Integrated Global Models  
(IGMs) capture 
socioeconomic systems, 
natural systems, and 
feedbacks 
(from Costanza, R., R. Leemans, R. 
Boumans, and E. Gaddis. 2006. 
Integrated global models. Pp 417-446  
in: Costanza, R., L. J. Graumlich, and W. 
Steffen (eds.). Sustainability or 
Collapse?: An Integrated History and 
future Of People on Earth. Dahlem 
Workshop Report 96.  MIT Press. 
Cambridge, MA.
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Multi-scale Integrated Models of Ecosystem Services
Making the market tell the truth
In general, privatization is NOT the answer, because most ecosystem 
services are public goods. But we do need to adjust market 
incentives to send the right signals to the market.  These methods 
include:
•Full external cost and benefit accounting (e.g. www.TruCost.com)
•Ecological tax reform (tax bads not goods, remove perverse 
subsidies) 
•Ecosystem service payments (a la Costa Rica)
•Impact fees for development tied to real impacts
•Environmental Assurance bonds to incorporate uncertainty about 
impacts (i.e. the Precautionary Polluter Pays Principle - 4P)
•Expand the “Commons Sector”
See: 
Bernow, S., R. Costanza, H. Daly, et. al. 1998. Ecological tax reform. BioScience 48:193-196.
Costanza, R. and L. Cornwell. 1992. The 4P approach to dealing with scientific uncertainty. Environment 34:12-20,42.
Barnes, P, 2006. Capitalism 3.0: a guide to reclaiming the commons Berrett-Koehler 
THE NEW 
COMMONS 
SECTOR
Global
• Earth Atmospheric Trust
National
• American Permanent Fund
• Children’s start-up trust
• Universal health insurance
• Copyright royalty fund
• Spectrum trust
• Commons tax credit… 
Regional
• Regional watershed trusts
• Regional airshed trusts
• Mississippi basin trust
• Buffalo commons
• Vermont Common Asset Trust…
Local
• Land trusts
• Municipal wi-fi
• Community gardens
• Farmers’ markets
• Public spaces
• Car-free zones
• Time banks…
Source: Stern review on the economics of climate change, 2006
An Earth Atmospheric Trust 
(US Cantwell-Collins CLEAR Act includes many of these ideas)
A system to stop global warming and reduce poverty
See: Barnes, P., R. Costanza, P. Hawken, D. Orr, E. Ostrom, A. Umaña, and O. Young. 
Science. 319:724 (2008)
See also: Barnes. P and B. McKibben, Solutions 1(1):30-38 www.thesolutionsjournal.org
1)Set up a global cap/auction/dividend and trade system for greenhouse gas 
emissions – all greenhouse gas emissions from all sources.
2) Auction off all emission permits upstream – and allow trading of permits
3) Gradually reduce the cap to follow the 350 ppm target. The price of permits will 
go up and total revenues will increase as the cap is reduced.
4) Deposit the revenues into a trust fund, managed by trustees appointed with long 
terms and a mandate to protect the asset (the climate and atmosphere)
5) Return a fraction of the revenues to everyone on earth on a per capita basis.
This amount will be insignificant to the rich, and much smaller than their per capita 
contribution to the fund, but will be enough to lift all the world’s poor out of poverty.
6) Use the remainder of the revenues to enhance and restore the asset. They could 
be used to fund renewable energy projects (especially in the developing world), 
research and development on renewable energy, payments for ecosystem services such 
as carbon sequestration, etc.
From: Costanza, R. 2008.  Stewardship  for a “full” world.  Current History 107:30-35 

www.thesolutionsjournal.org
- Online and Print
- Hybrid peer-reviewed academic 
journal and popular magazine.
- Uses a more participatory and 
transdisciplinary review process
- Focuses on seriously creative 
dialog rather than debate
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